The effect of surface roughness on an Eley-Rideal reaction mechanism is studied. The rough surfaces are generated over a 2-dimensional square lattice using the random deposition model. In an Eley-Rideal reaction mechanism, a reacting particle approaches from the bulk and reacts with an active site upon collision with it. Three different rough surfaces are considered for the study. Multifractal scaling analysis is performed where the complex distribution of reaction probabilities is analyzed. Two cases of reactions are considered. 1) The reacting particle reacts at its first contact to the surface and 2) the reacting particle diffuses till it finds the lowest-height position and reacts. The results obtained from the above two cases are compared. Significant differences between t(q) and f(a) multifractal spectra for these two cases are found. The larger deviation from linearity in the t(q) curves for the latter than the former gives wider f(a) spectra, indicating greater heterogeneity in the reaction probability distribution. Dynamic scaling theory is also applied on the Eley-Rideal reaction mechanism over the surface with different surface roughnesses to obtain the two scaling parameters a d and b d . The values of a d and b d are found to be negative.
INTRODUCTION
Smooth surfaces are rare in nature. Rough surfaces and interfaces are formed widely in natural and industrial processes. In many cases, they are generated by a growing interface, which advances as new parts are added according to some dynamical process. Examples include crystal growth, vapor deposition, electroplating, spray painting and coating and biological growth. 1 Fractally rough surfaces may also be formed during the removal of materials as in chemical dissolution, corrosion, grinding, erosion, blasting, wear and many types of polishing. There are many other processes such as fractures and interfaces between different states of matter in which rough interfaces are spontaneously formed without addition or removal of materials. Therefore one of the most challenging problems in surface science is the understanding of the effect of surface roughness on many physical, chemical and biological processes taking place at the interfaces. The study of this effect is consequently of great interest for many practical purposes.
The effect of surface roughness and fractal structures on many physical or chemical processes has been studied previously. They includes reaction rate, 2 scattering, 3 adsorption on polymers, 4 and catalytic reactions.
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Heterogeneous catalysis is a field of considerable interest for its practical application. In all heterogeneous chemistry systems, the geometry and structure of the environment in which the chemical process takes place plays a key role in determining the reaction rate and its performance. Efforts have been undertaken to obtain a better understanding of the effects of a complex structure on heterogeneous reaction steps and better solutions were not achieved until the recent advent of fractal geometry.
forts were made to understand the sensitivity of this reaction to structure. [21] [22] [23] Gutfraind et al. 21 reported multifractal scaling analysis of the Eley-Rideal reaction over two mathematically made fractal surfaces, the Cantor set and Devil's staircase. Lee et al. [22] [23] have used a Monte Carlo random walk algorithm to simulate the ER reaction mechanism over fractal surfaces of diffusion limited aggregation. Multifractal scaling analysis technique was then applied to analyze the reaction probability distribution. Mai et al. 24 observed the strong influence of the lattice structure on the reaction and in case of fast particle diffusion, the effect of lattice structure became unimportant. Ovchinnikov and Zeldovicj were the first who pointed out the fluctuations in chemical reactions. 25 Many authors have analyzed catalytic reaction over one dimensional surfaces. [26] [27] [28] Recently, Agryrakis et al. 29 have shown that the catalytic reaction proceeds quite differently in low dimensions than in higher dimensions. So it is also interesting to compare Eley-Rideal reactions over one-dimensional and two-dimensional rough surfaces.
In our previous work, 30 we have analyzed Eley-Rideal reactions over one-dimensional rough surfaces of a random deposition model to study the surface heterogeneity effect on this reaction mechanism and obtained a wide range of reaction probability distributions for rough surfaces rather than for smooth surfaces. In this work, we are considering the Eley-Rideal reaction mechanism over two-dimensional rough surfaces. We also observed the difference between one-dimensional and two-dimensional cases. This difference is discussed in section 5. The wide applicability of the fractal approach to the adsorption systems, and at the same time its limited utility in almost every case, brings one to the conclusion that the solid surfaces are never ideally regular (geometrically and energetically homogeneous) and never totally irregular (fractal). 31 Real catalyst surfaces represent an intermediate case which can be viewed as rough surfaces. There are different models used for generating rough surfaces such as random deposition, random deposition with surface diffusion, ballistic deposition, etc. 1 In this work, the rough surfaces are generated using the random deposition model. 1, 32 These surfaces then describe the local structure of the catalyst in microscopic view. Nowadays chemical vapor methods are widely used for preparing supported catalytic materials 33 and for these methods random deposition and random deposition with surface diffusion model are the appropriate choice for generating rough surfaces for theoretical studies. 1 Recently, we have studied the effect of surface roughness on Eley-Rideal reactions over the rough surface generated by random deposition and random deposition with surface diffusion models using multifractal scaling analysis and shown that the reaction probability distribution has a wider range for the former than the latter. 34 Our study indicates that multifractal analysis is an effective way for qualitative analysis of fluctuations in reaction probability distribution. From multifractal spectra we can get information about heterogeneity in reaction probability distribution, range of reaction probability, number of active sites with low and high reaction probability, etc.
In previous studies of ER reactions over rough surfaces, 30 ,34 the diffusion of the reacting particle was not considered, and the effect of surface diffusion of a reacting particle on reaction probability distribution has not been studied. In ref. 30 the reacting particle either reacts at the top of the column selected randomly (RD) or at the top of one of the nearest neighboring columns (RDWD). In this work the reacting particles are allowed to diffuse over the surface (not only up to the nearest columns as in ref. 30 ) till it finds a minimum height position. The reacting particle may diffuse over the surface for many reasons. The aim of this paper is to study the Eley-Rideal reaction over the rough surfaces of the random deposition model if the reacting particle is allowed to diffuse till it finds the minimum height position. The diffusion of particles may occur because a reacting particle is not in equilibrium with the surface temperature. The reacting particle may react directly to one step or may sample several reactive sites before reacting as in the so called 'hot precursor' model. 35 The diffusion may also occur due to the two different adsorption sites, deep and shallow traps, i.e. the columns having the lowest heights are the deep traps and others are shallow traps. It is obviously expected that the presence of deep traps must influence the surface diffusion. The diffusion may be due to the energy barrier between the deep traps and shallow traps. The dynamic scaling theory 32 is also applied to study the time dependence of Eley-Rideal reactions over the surface with different surface roughnesses. This paper is composed as follows: Section 2 gives the method of generation of rough surfaces. In section 3, the steps in the multifractal scaling analysis are given. The details about the dynamic scaling theory are given in section 4. We present and dis-cuss the results in section 5. Conclusions are given in section 6.
METHOD
The random deposition model has been used for generating rough surfaces. There is no horizontal correlation between neighboring columns. Here, the rough surfaces are generated with 4´10 5 particles, for three different lattice sizes, viz. 50´50, 100´100 and 150´150 lattice units. We name the three rough surfaces S1, S2 and S3, respectively. One such surface generated is shown in Fig. 1 . Once the rough surface is generated by depositing 4´10 5 particles, the released particle is changed to a reacting species. Two cases of Eley-Rideal reaction are considered. Case I: The reacting species are allowed to react at the top of the column having maximum height among the neighboring columns. (RD).
Case II: The reacting species are allowed to react at the column having minimum height among the columns. This process continues till the particle finds a minimum height position. In short, the particle is allowed to diffuse till it finds a minimum height position and then reacts (RDWD).
When the reacting particle reacts to the top of the column, by either of the above two cases, the reaction count on that surface site is increased by one. After 5´10 5 particles are launched, the reaction probabilities of different surface sites are recorded and analyzed. Our model is suitable for the catalytic reactions in which one of the reactants is the surface site. 36 The model is also suitable for the catalytic reactions consisting of single adsorption and reaction step of the type [37] [38] [39] A + * ® A ad A ad ® P + * where *, P and subscript ad represent vacant surface sites, product and adsorbed species, respectively. The rough surface can also be generated by depositing different numbers of particles (N) on a square lattice of the same size. Such rough surfaces are also generated here by depositing 20000, 40000, 60000, 80000, 100000 particles on 50´50 square lattice, in order to apply the dynamic scaling theory. A similar algorithm described above for studying the diffusion limited reactions over a rough surface is used here. For dynamic scaling theory, we considered Case I only.
MULTIFRACTAL SCALING ANALYSIS
Despite the success of the fractal formalism, the limitations of the approach had become apparent in describing the scaling properties of some complex objects. More recent studies revealed the existence of the complex structures that seem to require not a single but multiple scaling exponents for a proper description. The multifractal formalism 40 has been used for geometrical description of other physical and chemical phenomenon. 22, 23, 30, 34, [41] [42] [43] [44] We have applied the multifractal scaling which relates the analysis of the distribution of the reaction probabilities over the length of the rough surface. Two curves can be obtained from the multifractal scaling analysis 1) q Vs t(q) and 2) a Vs f(a), where q is the moment order, t(q) is the scaling exponent, a is the scaling exponent measuring the range of reaction probability and f(a) is its density function. The details for multifractal analysis can be found in refs. 30, 34 and 40.
DYNAMIC SCALING THEORY
The number of reacting particles visiting at each site is counted. The reaction probability distribution at each surface site is defined as P(x, y, h; t) r(x, y, h; t) R(t) = where r(x, y, h; t) is the reaction event occurring at (x, y, h) at particular time t. R is the total reaction event amount all over the surface in time interval t. We considered total reaction event as the time parameter in our simulation.
The average probability P a (t) on each surface site is
where N is the number of particles deposited to generate the rough surface and the summation is over all the surface sites. Due to the surface roughness, the reacting particle has greater probability to react at the surface sites, which at the top cause heterogeneity in the reaction probability distribution. This heterogeneity can be estimated by standard deviation of P(x, y, h; t) as,
We have obtained the scaling behavior of s(t) i.e correlation between s(t) and time and also the surface roughness. The total reaction events (i.e. time) used for dynamic scaling are 2´10 5 . Fig. 1 shows the rough surface generated by depositing 4´10 5 particles onto a 150´150 square lattice. The surface roughness, defined as the difference between the maximum height and minimum height among the columns, is 84, 46 and 32 lattice units for the three surfaces S1, S2 and S3 respectively. We have used the same number of particles for generating the rough surfaces for three different lattice sizes. S1 and S3 are the surfaces with maximum and minimum surface roughness, respectively, whereas the roughness of S2 is in between S1 and S3. The smaller the lattice size, the greater the roughness of the surface.
RESULTS AND DISCUSSION
The reaction probability at each surface site is calculated by counting the number of visits by the reacting particle. The position sensitivity of the reaction probability can be seen from reaction probability vs. active site position plot. The reaction probability is plotted as a function of active site position for RD and RDWD in Figs. 2 and 3 , respectively, for the three surfaces S1, S2 and S3. The active sites are numbered from negative to positive in a y direction and finally in an upward direction.
We first checked the effect of surface roughness on the reaction probability distribution separately for RD and RDWD. From Figs. 2 and 3 , for RD as well as RDWD, the range of the reaction probability decreases with increase in surface roughness. The rougher the surface, the wider the distribution of the reaction probability, indicating higher position sensitivity. It shows that the range of reaction probability decreases with decrease in roughness of the surface, for RD as well as RDWD. The heterogeneity in the reaction probability distribution, for RD and RDWD, is because the reacting particle reaches either at the top of the column Fig. 2 . Reaction probability distribution as a function of active site position, for RD, and three surface S1, S2 and S3. Fig. 3 . Reaction probability distribution as a function of active site position, for RDWD, and three surface S1, S2 and S3.
having maximum height (RD) or at the top of the column having minimum height (RDWD). This is how the surface roughness affects the reaction probability distribution. Table 1 gives the number of active sites for RD and RDWD, for surfaces S1, S2 and S3. For RD as well as RDWD, the number of active sites increases with a decrease in surface roughness. As the surface roughness decreases the difference between the heights of the columns decreases or becomes zero. Therefore there is nearly equal probability of reaction at the top of all columns instead of only at the top of a few columns having larger heights (RD) or at the few columns having minimum heights (RDWD). Hence, the number of active sites increases with a decrease in surface roughness for RD as well as RDWD. As the surface roughness decreases, the number of active sites increases and the reaction probability distribution becomes homogeneous. A higher number of active sites is also observed for smooth surfaces rather than rough surfaces in some experimental studies. 45, 46 On comparing the reaction probability distribution for RD and RDWD for the same surface (e.g. S1), it is observed that the range of reaction probabilities is not the same for RD and RDWD. The range of reaction probabilities for RDWD is wider than for RD. It indicates that the number of columns having smaller heights than the neighboring columns is smaller than the number of columns having larger heights than the neighboring columns. The particle finds a minimum height position during diffusion and reacts in RDWD. This gives a wider distribution of reaction probability for RDWD. This can also be seen from the number of active sites for the RD and RDWD for S1, in Table 1. The number of active sites for RDWD is less than that for RD, giving wider distribution of reaction probability.
The reaction probability distribution picture may be transferred into a useful compact form through multifractal formalism, namely through the q-t(q) and a-f(a) plots. Figs. 4 and 5 show the multifractal plots for RD and RDWD, respectively. For both cases, the deviation from linearity for q-t(q) plots indicates multifractality, i.e., simple singlevalued fractal scaling does not apply in this condition. The difference among the three rough surfaces can also be observed for both cases. From Figs. 4(a) and 5(a) , the rougher the surface, the bigger is the deviation of the q-t(q) curve from linearity. The curve curvature also implies the degree of heterogeneity in reaction probability distribution. These results agree with the reaction probability distribution profiles for the surfaces with different roughnesses. As the surface becomes smoother, the non-linearity in the q-t(q) curve decreases representing a homogeneous reaction probability distribution. The effect caused by surface roughness on reaction probability distribution can also be analyzed through Fig. 4 . Dependence of multifractal characteristics of reaction probability distribution on surface roughness for Eley-Rideal reactions, for RD. The results were analyzed after 5´10 5 total reaction events (a) q-t(q) plot and (b) a-f(a) plot. the f(a) dispersion of the reaction probability distribution profiles which allows a quantitative evaluation of the degree of reaction probability distribution inhomogeneity: high non-linearity of the q-t(q) curves is translated into wider distribution in the f(a) plots.
In Figs. 4(b) and 5(b), f(a) is plotted as a function of a to further explore the properties of reaction probability distribution for the surface with different roughnesses, for RD and RDWD, respectively. As can be seen from these figures, for RD as well as RDWD, f(a) profiles show that the reaction probability distribution is characterized by a wide range of a values, indicating the existence of multifractality. Also shown is that the range of a values decreases with a decrease in surface roughness, for RD as well as RDWD. This can be connected to the reaction probability distribution shown in Figs. 2 and 3 , for RD and RDWD, respectively. As demonstrated in Figs. 2 and 3, the surface with higher roughness is found to have much higher position sensitivity than that with less roughness. For the surface with less roughness, the great number of low reaction probability sites would level out the distribution and lower the position distinction.
Also, for RD as well as RDWD, the f(a) figures are asymmetric with respect to a in contrast to the symmetric f(a) profiles for Cantor sets and Devil's staircase obtained by Gutfraind et al. 44 Similar asymmetric f(a) profiles are obtained for Eley-Rideal reactions over the fractal surface of diffusion limited aggregation by Lee et al. 5, 22, 23 The key feature is that the curves contract upwardly at high a values indicating that the number of lowest reaction probability sites and the number of large reaction probability sites are not even. Fig. 6 shows the comparative multifractal plots for RD and RDWD, for the surface S1. It can be seen that the deviation of q-t(q) curve from linearity for RDWD is greater than RD in a high q value region. This result can be interpreted by the fact that the number of active sites with highest reacting probability, which dominates the sum in eq. (1) in the large positive q region, is quite different for RD and RDWD. This high nonlinearity of the q-t(q) curve for RDWD is translated into wider distribution in the f(a) plots, as shown in Fig. 6(b) . From Fig. 6(b) , for RD, the right extreme f(a) value is larger and the left is smaller than that for RDWD. This implies that for RD, the low reaction probability part is associated with larger sets, but the higher reaction probability part connected to very small sets and as a result the reaction probability distribution for RD is less heterogeneous than for RDWD.
The multifractal plots for one-dimensional surfaces for RD and RDWD are presented in Fig. 7 . It corresponds to the lattice of length L = 200 lattice units, a rough surface generated by 32000 particles; the total number of reaction events are 50000. On comparing the multifractal plots for one-dimensional and two-dimensional surfaces, for RD, it can be seen that the q-t(q) curve for a one-dimensional rough surface is almost linear but the non-linearity in qt(q) curve for two-dimensional surfaces is noticeable. The reason is that, for a one-dimensional surface, there are only half the neighboring columns of a two-dimensional surface. This gives greater heterogeneity in the reaction probability distribution for a two-dimensional surface than that for a one-dimensional surface and resulted in greater nonlinearity in the q-t(q) curve for a two-dimensional surface. The effect of surface diffusion of reaction particles is similar for one-dimensional and two-dimensional surfaces, as can be seen from Figs. 6 and 7. In a one-dimensional as well as a two-dimensional case, the effect of surface diffusion of reacting particles (RDWD) gives greater heterogeneity in the reaction probability distribution than RD. The position sensitivity was further analyzed by plotting the reaction probability as a function of height. For a smooth surface, all the reacting particles react at the same height and no question arises about reaction probability at different heights. Hence the reaction probability at maximum height is 1. But for the rough surface, there is the possibility of the reacting particle to react at different heights. In Fig. 8 , reaction probability as a function of height is plotted for the surface S1, for RD and RDWD. It can be seen that the reaction probability is different at different heights for RD as well as RDWD. It is not 1, as in case of a smooth surface, but varies with height. Also, for RD the reacting particles react at larger heights, whereas for RDWD, the reaction events occur at lower heights.
The surface roughness for the rough surface generated by depositing 20000, 40000, 60000, 80000, 100000 particles on 50´50 square lattice is 19, 28, 36, 40 and 48 lattice units, respectively. Fig. 9 shows a log-log plot of the fluctuation of reaction probability s(t) on R, for different rough surfaces. It can be seen from this figure that s(t) first decreases quickly and finally becomes constant (independent of R) after experiencing a slowing down. Initially s depends on R and the scaling relation between s and R is s = R 8 . Reaction probability as a function of height for RD and RDWD, for surface S1. Fig. 9 . Dependence of the probability standard deviation s on the total reaction events R for different rough surfaces.
on surface roughness. This can be seen from Fig. 10 . The scaling relation between s and N is,
with a d = -0.5. The dependence of s on R and N given by eqs. (11) and (12) , respectively, can be combined into a single expression representing a dynamic scaling which has been argued to be universal 1, 47 as
where g = a/b. R is replaced by a time parameter t in eq. It can be noted that the curves for different rough surfaces all collapse into a single curve indicating excellent agreement with the scaling form (eq. 13).
For the dynamic scaling, the scaling exponents in this study are found to be negative rather than the positive scaling exponents found by Family. 32 He has applied the dynamic scaling theory to the growing surface and calculated s(t) using the heights of different columns which increase as the time progresses. Hence s(t) also increases initially with time and saturates at t ® ¥. The saturation value is also increased with lattice size giving positive values of the scaling exponents. The positive scaling exponents indicate that the surface roughness of the growing surface increases with time and then saturates. For our study, the height of different columns is fixed. We have used reaction probability at different active sites for calculating s(t) which decreases as the time progresses. It also saturates as t ® ¥ and the saturation value decreases with increase in lattice size. Therefore the scaling exponents are negative in our study rather than the positive exponent obtained by Family. 32 It
indicates that the fluctuations in reaction probability decrease as time progresses and then saturate for t ® ¥.
The following presents the summary of this work. a) For RD as well as RDWD, the number of active sites increases with decrease in surface roughness.
b) The range of reaction probability is different for RD and RDWD. It is wider for the latter than that for the former.
c) The number of active sites for RDWD is less than that for RD.
d) The number of active sites with the highest reacting probability is different for RD and RDWD.
e) The q vs t(q) curve for 1-D rough surface is almost linear, whereas it is nonlinear for the 2-D rough surface. It indicates the greater heterogeneity in reaction probability distribution for a 2-D rough surface than that for a 1-D rough surface. f) On applying dynamic scaling theory to ER reactions over rough surfaces, the scaling exponents are found to be negative which indicates that the fluctuations in reaction probability distribution decrease as time progresses and then saturate for t ® ¥.
CONCLUSIONS
Multifractal scaling analysis of the reaction probability distribution were performed for the Eley-Rideal reaction mechanism over three different rough surfaces generated by the random deposition model. Two types of reactions are considered. 1) The particles are allowed to react at their first contact to the site and 2) the particles are allowed to diffuse till they find the minimum-height position over the surface and react. The number of active sites is less for the latter than the former, and the reaction probability distribution is more heterogeneous for the latter than the former. For both cases, the greater the roughness of the surface, the less are the number of active sites and greater the heterogeneity in the reaction probability distribution. On applying dynamic scaling theory to the Eley-Rideal reaction mechanism, the scaling exponents a d and b d are found to be negative, indicating that the fluctuations in reaction probability distribution decrease as time progresses and saturate at t ® ¥. The surface roughness does not affect the scaling exponent b d .
Received November 23, 2006. 
